In this paper we analyse all currently available simulated climate scenarios, proposed by the Spanish Agency of Meteorology (AEMET), for the period 2010-2040 on the geographical area covered by the Júcar River basin, located in eastern Spain. This is done through the validation of these scenarios using historical records, and by assessing the impact on water resources for the next 30 years by means of a hydrological model. By taking the period 1960-1990 as the control period, a careful comparison of its historical records against AEMET scenarios is performed. Although temperature records are modelled properly, precipitation data are widely underestimated in a range from 8% to 29%. This wide variability observed in the control period is also found in the precipitation scenarios for the period 2010-2040. The impact on water resources shows a great degree of dispersion, ranging from -13.45% to 18.1% with a mean value of -2.13%.
INTRODUCTION
Both the Intergovernmental Panel on Climate Change (IPCC) and the European Union project that, within the geographical area of the Júcar River basin (JB), future climate change (CC) will cause severe reductions in water resources availability due to the increase in temperature and to the decrease in rainfall during the 21st century. Thus, water runoff will decrease by about 30% in the last decade of the 21st century compared to the period 1980-1999 (Bates et al. 2008) . The increase in temperature in the JB area from 2070 to 2100, when compared with the 1960-1990 period, is expected to be +3.5°C, with precipitation expected to decrease by 25% over the same period (Christensen and Christensen 2007) . These changes were also obtained in global studies (Arnell 2004) where a prediction of runoff decrease ranging from 0 to 30% was obtained for different emissions scenarios by means of the HadCM3 GCM (Johns et al. 2003) . This variability can be even wider when different general circulation models (GCMs) are used. In fact, uncertainties and errors in the estimation of impacts of climate change on water resources result from the emissions scenarios, the GCM used, the methodology used to downscale from global to regional scale, and the hydrological modelling approach used to estimate stream flows (Jha et al. 2004 , Nan et al. 2011 . Some authors are working on the formulation of general approaches to address the uncertainty in determining climate change impacts (Teegavarapu 2010) . However, these approaches only provide rough estimations of uncertainties. A more precise methodology, which constitutes the current state of the art, consists of processing the outputs from multiple climate scenarios. Thus, the impact of climate change on water resources, and its uncertainty, are obtained by generating a set of plausible climate scenarios that correspond to different emissions scenarios, GCMs and downscaling techniques. The outputs of a hydrological model applied to these scenarios are then analysed to provide the required impact assessment. The choice of the hydrological model is usually determined by previous analysis of the water resources system under consideration.
Decision-makers in charge of water resources planning need to be able to rely on estimates of climate change impacts (Tanaka et al. 2006 ) for a reasonable time period. Thus, most impact estimates, obtained for the end of this century, are not really useful for planning. It is unrealistic when making decisions that might strongly affect many socio-economic aspects, to base these on model projections 80 years ahead. Therefore, the time span considered in this research is from 2010 to 2040. Climate change scenarios available only for these years are processed by means of a hydrological model to assess the impact on water resources for the Júcar River basin (Chirivella Osma 2011 , Chirivella Osma et al. 2012 . Other authors (Estrela et al. 2012 ) provide a general review of modelling studies on the hydrological effects of climate change in Spain, and the expected impacts on water resources based on the AEMET climate change scenarios introduced below.
This paper discusses the current regionalized climate scenarios for the Spanish territory, released by the Spanish Agency of Meteorology (AEMET 2008) , pursuant to the National Plan for Adaptation to Climate Change of the Ministry of Environment of Spain (MIMAM 2006) . They make up a collection of 39 scenarios based on GCM results from the third report of the IPCC (IPCC 2001) , based on emissions scenarios A2, B2 and IS92a, and obtained by statistical techniques and dynamic downscaling (AEMET 2008) . These scenarios are based on plausible assumptions regarding future demographics and socio-economic development. Thus, the A2 scenario considers a higher growth of both population and greenhouse gas (GHG) emissions (reaching 850 ppm of CO 2 in 2100) than scenario B2 (reaching 620 ppm), while IS92a lies between them (700 ppm).
The AEMET scenarios obtained with dynamic downscaling methodologies are part of the Prediction of Regional scenarios and Uncertainties for Defining European Climate Change risks and Effects (PRUDENCE; Christensen and Christensen 2007) and only provide results for the last third of the XXI century. In this project, local boundary conditions for regional circulation models (RCMs) are taken from the GCMs developed by some of the main European climate research centres: HadCM3 (Hadley Centre, UK) (Rodríguez Díaz et al. 2007) and ECHAM4 (Max Planck Institute, Germany) . These are the GCMs that best reproduce European climate conditions. This conclusion is based on the analysis of the reproduction of daily temperature and precipitation records, for 17 different GCMs, in the geographical area located between latitudes 27.5ºN and 52.5ºN, and longitudes 22.5ºE and 22.5ºW (AEMET 2008 ). The ECHAM4 model is a recent release of ECHAM models (Roeckner et al. 1996) .
Among the AEMET scenarios, only 11 (which are obtained by statistical downscaling) provide estimates of future climate for the target period 2010-2040, as shown in Table 1 . This table provides information regarding the GCM, downscaling methodology and the period covered by the simulated scenario. Each scenario includes the period 1960-1990, referred to as the control period, for which historical records are also available. Some of the scenarios are based on the GCM CGCM2 (developed at the Canadian Centre for Climate Modelling and Analysis) that belongs to the series of CGCM models (McFarlane et al. 1992) .
It is important to highlight the fact that the set of climate change scenarios released by AEMET does not constitute an ensemble of scenarios as defined, for instance, in the ENSEMBLES project of the EU 6th Framework Programme. The AEMET scenarios collection does not cover the whole range of uncertainties in GCM, emissions scenarios and downscaling techniques, although this governmental climate agency has chosen and developed these scenarios to be more representative and suitable for making predictions over the Iberian Peninsula. The goal of this paper is to analyse the consequences of these official climate scenarios rather than consider the generation of other alternative scenarios.
For the study area considered herein, the selected scenarios show a clear increase in the average maximum (T max ) and minimum temperatures (T min ): the increase in T max is slightly higher. Besides, a decrease in precipitation is also observed, mainly in the spring season. Nevertheless, it has been widely recognized how difficult it is for GCMs to simulate the climate conditions of the JB, where there is a strong influence from Mediterranean coastal convective phenomena and less influence from larger-scale atmospheric circulations that are well reproduced by global models. These facts explain the existence of microclimates such as the region of Safor, in the southern part of the JB, with rainfall much higher than the average for the basin (López and Martín Vide 2001, Millán et al. 2005) . Another major limitation is the geographical heterogeneity of the Júcar Basin that is hardly reproduced in the large size cells of these climate models (Baldasano 2008) .
The study carried out with this set of 11 scenarios addresses two goals. The first is to check the reliability of the scenarios by comparing them to historical records over the control period . Thus, over this period, downscaled maps of monthly average temperatures and precipitation are compared to maps obtained from records at the network of weather stations in the JB territory. The second goal is to assess the impact on water resources, both surface water and groundwater, projected under each of the 11 climate change scenarios. This second goal is expected to be achieved by running a rainfall-runoff model for the period 2010-2040, and comparing the model outflows at a few selected locations with historical records. The hydrological model selected for this purpose is referred to as PATRICAL (Pérez Martín 2005) . This model, as explained below, has been used as the basic tool for water planning in the JB. Thus the model is accurately calibrated to reproduce the physical and hydrological conditions of the basin. It is currently the most validated model in the JB.
Statistical downscaling techniques are based on quantitative relationships between atmospheric variables (predictors) and local surface variables Simulation period   2010-2040  2040-2070  2070-2100   Dynamic  HadCM3  A2, B2  x  HadCM3  A2, B2  x  HadCM3  A2  x  HadCM3  A2  x  HadCM3  A2  x  HadCM3  A2, B2  x  HadCM3  A2  x  HadCM3  A2  x  HadCM3 A2, B2
Is92a (predictands) (Wigley 2004) . This approach is based on the assumption that the relationships established among predictors and predictands remain invariant in the future, even under climate change scenarios. This is clearly questionable and future research will certainly address the validity of this assumption. The following downscaling methods, given in Table 1 , were used to generate the selected scenarios:
-SDSM method The statistical downscaling method (SDSM) (Wilby et al. 2002) is based on regression models among temperature and precipitation at weather stations, and each predictand (precipitation, maximum temperature and minimum temperature). These models were calibrated with data from the period 1961-1990 and then checked using historical records from the period 1991-2001. Using the calibrated regression models, projections were made for the period 2011-2099. -Analogues method This type of methodology is based on calibrating relationships among predictors and predictands but considering only observed data belonging to days, time periods, or events in which the patterns of atmospheric circulation show a certain degree of similarity. Thus, large-scale situations simulated by the GCM are used to find similar situations within the historical records database. The set of similar observed situations leads to a calibrated relationship that is used for the downscaling process. In particular, the historical period used was 1958-2000. The predictors considered were the velocity field and geostrophic wind directions at 1000 and 500 hPa. Two resolution approaches are found in Table 1 . The first, Analogues-FIC (Foundation for Climatic Research) (AEMET 2008), enables daily maximum and minimum temperature and precipitation to be obtained at each weather station. The second, Analogues-INM (National Institute of Meteorology, Spain) (AEMET 2008) enables these to be obtained on a grid of 50 km × 50 km.
At the time of completing the research described herein, the Spanish Agency AEMET, through its website, had released new climate change scenarios based on results from the fourth IPCC report (AR4) (IPCC 2007) and for emissions scenario A1B. This scenario predicts GHG emissions between those for A2 and B2 scenarios, although beyond 2050 it considers a reduction due to future international mitigation agreements (Nakicenovic and Swart 2001) .
THE JÚCAR RIVER BASIN: CASE STUDY
The Júcar River basin (JB) extends over 43 000 km 2 in eastern Spain and most of its territory belongs to the autonomous region of Valencia. The basin also includes areas within the neighbouring regions of Aragon, Catalonia and Castilla-La Mancha. Thus, water planning and management depends on the Spanish government through the Júcar River basin authority (Confederación Hidrográfica del Júcar).
The JB is made up of three main river basins, namely Júcar, Turia and Mijares, as well as other minor watersheds, all discharging to the Mediterranean Sea. Figure 1 shows the location of the basin as well as the three main watersheds. The climate in the Júcar basin has a high temporal and spatial variability, with an average annual rainfall of 500 mm, varying between 320 mm/year in the driest years to almost 800 mm/year in the wettest years. The average annual rainfall, in turn, shows important spatial differences: in most southern regions it is less than 300 mm, while in other areas it reaches values above 800 mm. The last 10 years have essentially corresponded to a dry period, with average annual rainfall of around 460 mm.
To assess the impact of climate change on water resources, seven control points were selected across the basin hydrographical network. The water flow at these control points provides a good quantification of water availability in the basin. Thus, the goal is to compare water runoff at these points for the different scenarios, against historical records. Three of the control points correspond to the river mouths of the three main rivers Júcar, Turia and Mijares; the other four belong to the mid-upper basin at the locations of the main reservoirs in the water resources system. Figure 1 shows the location of the seven control points as well as the three main hydrogeological units where the water balance was also monitored for the analysis of the different scenarios.
METHODOLOGY

Climate change scenarios
The 11 selected scenarios described above are defined by the values of daily precipitation (P) and maximum and minimum temperature (T max and T min ) at a limited number of locations where these variables have been downscaled. Depending on the downscaling methodology, the set of data points is differently distributed. Scenarios corresponding to Analogue-FIC and SDSM methodologies provide these variables at weather station locations. The Analogue-INM method provides the variables on a regular grid of 50 km × 50 km. Some additional nearby points, surrounding the basin, have been considered to improve the accuracy of model results and posterior results mapping, thus avoiding inaccuracy due to extrapolation. Figure 2 shows the location of data points for each downscaling method.
A general flowchart of the methodology used in this study is outlined in Fig. 3 . As indicated above, the selected CC scenarios were released by AEMET (2008) and provide downscaled data for the period 2010-2040. Each scenario provides, for corresponding points shown in Fig. 2 , the value of the daily rainfall, and the maximum and minimum temperature. These are given for every day in the 30-year period 2010-2040, and for every day in the 30-year period 1960-1990. The latter is referred to as the control period. Since the applied rainfall-runoff model works on a monthly basis, the CC scenarios were pre-processed by assigning to each point the local mean, maximum and minimum temperature, as well as the monthly-accumulated value of precipitation. Subsequently, the average values of these variables were obtained for every month considering the control period 1960-1990, and the three future decades 2010-2020, 2020-2030 and 2030-2040 . Note that the paper works with hydrological years. Thus, for instance, decade 2020-2030 refers to the period October 2020-September 2030.
By comparing the averaged climatic variables over the control period 1960-1990 against historical records, a quantitative estimate of the reliability of the different scenarios for the JB can be obtained. The 'anomaly' is defined as the difference between future climate and past climate, as represented by the simulated series provided in each CC scenario. This anomaly is added to recent historical climate records, or current climate, to obtain future climate series (Mizanur et al. 2007 , Rodríguez Díaz et al. 2007 ). Thus, the anomaly for the 2010-2020 decade is obtained from the difference between averaged climatic variables for the 2010-2020 decade and the control period. In the same way, the anomalies for 2020-2030 and 2030-2040 are obtained.
The anomaly term, which is computed for both temperature and precipitation, and for each CC scenario, constitutes an estimate of the averaged change in the main climate variables. It is treated as a spatially distributed variable that is added to historical records yielding plausible future climate scenarios, on a monthly basis. However, it does not provide any indication of other changes such as extreme weather conditions like floods or droughts. Although these might be relevant, current GCM simulations do not provide results to incorporate this type of plausible climate change in CC scenarios. Another limitation of this superposition approach is that future physical changes in the basin, induced by climate change, would not be reproduced in future scenarios.
The processing and mapping of the series of geographically referred data as well as model results has been performed using a geographical information system (GIS). The software ArcMap, version 9.3 (www. esri.com), was used. Data refer to a support scale of 1 km × 1 km, which is the scale also used by the rainfall-runoff model. The spatially distributed anomaly term, which corresponds to different supporting scales, as shown in Fig. 2 , is assigned to this fine grid by the inverse distance weighting interpolation method, using up to 12 data points for each interpolated location.
The superposition approach to generate future climate change scenarios has two advantages. Firstly, it tends to fix inaccuracies in the reproduction of local regional climate features derived from the GCM and downscaling methodologies. Only average climate changes are applied to the historical series, so that only first-order statistics are changed, and historical variability, a second-order statistic, is preserved. Secondly, the medium-to long-term variability of historical series is also reproduced in future scenarios. Thus, persistent droughts observed in the past can be reproduced with this approach.
Once future climate series are obtained, the next step is the application of the rainfall-runoff model to obtain model outflows at control points that are then compared against the historical series to assess the impacts of each future climate scenario on water resources. The series of future temperatures and precipitation are obtained using the historical records for 1940-2007 by adding the computed 'anomaly' term. Thus, there are as many input series for the rainfallrunoff model as CC scenarios multiplied by the anomalies of the next three decades (a total of 33 series). This approach assumes that the calibration of the rainfall-runoff model obtained for the historical series is valid for the modified series.
Rainfall-runoff modelling
The rainfall-runoff model used is PATRICAL (Pérez Martín 2005) . This is a distributed model that reproduces the processes of runoff, evapotranspiration, infiltration, surface flow and groundwater flow at the basin scale and includes capabilities to also simulate water quality (which is beyond the scope of this paper). PATRICAL derives from the model SIMPA (integrated system to model the rainfall-runoff process) Quintas 1996, Ruiz 1999) , and the experience of its application to every basin in Spain during the preparation of the "White Paper on Water in Spain" (Estrela et al. 2001) . The experience at the JB has made PATRICAL the most suitable model to simulate rainfall-runoff in this basin, due to the effort performed to calibrate and validate its results.
PATRICAL has been implemented as a modelling module within a GIS, taking full advantage of it for both data and results processing. The basin is discretized on a grid, and at each block the surface components of the hydrological cycle are simulated and water transfers among adjacent cells are computed. The hydrogeological behaviour, as described by groundwater flows, is reproduced by interconnected single-cell aquifer models. Thus, this model analyses at the basin scale both the surface and subsurface subsystems, paying special attention to the relationships between the two subsystems, streamaquifer relationships and water transfers that occur between the different aquifers ( Fig. 4 ). This is of paramount importance in watersheds where a significant proportion of water resources flows through the aquifer systems. In the JB this is close to 70%. As a distributed model, PATRICAL requires the discretization of the basin on a regular grid, the elements of which have a size decided by the modeller. This choice depends on the extent of the basin, the availability of data, required accuracy and available computing resources. In each discretization cell, depending on its local characteristics, a model of a few parameters is adjusted. PATRICAL has retained the Témez model (Témez 1977 ) as a feature, derived from successful experience with the SIMPA model. Figure 5 shows the processes and variables included in the simulation with PATRICAL, within each discretization cell. In this graph, boxes represent storage, ellipses refer to water flows, and soft-edge rectangles to input data. The model is of a conceptual type and it is based on monthly balances.
The PATRICAL model tries to overcome the difficulties found in other hydrological models when applied to a large river basin having reasonable detail in the groundwater balance. It simulates natural monthly flows, groundwater levels and the aquiferriver interactions. The model has been used in the Júcar basin (Ferrer et al. 2012) , with more than 250 aquifers, and also to model the whole hydrological system across the Spanish territory (500 000 km 2 ), including more than 800 aquifers in the simulation. Note also the fine support scale of the application of the rainfall-runoff model: a grid size of 1 km × 1 km within a basin of almost 43 000 km 2 . Besides, the reliability of the PATRICAL model results for this basin is supported by the calibration previously performed: it was calibrated for the period October 1940-September 2004, and then validated for October 2004-September 2010. A proxy basin test was also conducted for the entire simulation period (October 1940-September 2010) (Ferrer et al. 2012) at points that were not used during calibration and validation, and that were located in the same river basin or in other basins located in the vicinity. Calibration, validation and proxy basin tests were performed with the simulated and observed streamflows and with the simulated average groundwater level and observed water table in wells (Ferrer et al. 2012) .
RESULTS AND DISCUSSION
Climate change scenarios verification
In order to verify the reliability of CC scenarios, the precipitation and temperature series from six scenarios are compared against historical records for the control period 1960-1990. The results from this comparison can either provide further confidence on the representativeness of these scenarios for the JB, or raise new questions regarding the GCM and downscaling methods for this geographical area. Only six out of 11 selected scenarios are considered because there is no difference for emissions scenarios A2 and B2 within the control period.
There are significant differences in precipitation when performing this comparison. Each analysed scenario provided precipitation values lower than the historical records. The difference is within a range of -7.53 to -28.42%, having an average value of -20.41%. Thus, while the annual average value recorded for this period in the JB is 509 mm/year, the average of the six scenarios in the control period is 405 mm/year. These differences are especially significant in the months of September, October and November. Moreover, due to the hydroclimatic features of this basin, these months have the greatest influence on water resources availability. Table 2 shows a summary of this comparison. Note that the GCMs HadCM2 and HadCM3 provided the best approximation to historical records. However, the resolution of the regionalized scenario obtained from HadCM3 corresponds to a much finer resolution than that from HadCM2.
The simulated mean temperature data (average maximum and minimum temperature) are much closer to recorded values than the simulated precipitation data; the HadCM2/3 models again produced a better representation of the historical records. The best approach was obtained using HadCM3 with the SDSM_INM downscaling approach. There are some scenarios that provided temperatures above historical records and others below, as shown in Table 3 .
Nonetheless, as shown in Fig. 2 , the resolution of the regionalization obtained by Analogues-FIC is finer than that obtained by SDSM_INM. This increases the difficulty of the first scenarios to match historical records.
Depending on the downscaling method used, climate scenarios do reproduce local hydroclimatic features differently. Figure 6 shows how differently the Analogues-FIC_CGCM2 and FIC_ECHAM4 scenarios reproduced the spatial distribution of precipitation observed in the period . In this control period, both scenarios provided similar values of annual rainfall: 364 mm (Analogues-FIC_CGCM2) and 389 mm (Analogues-FIC_ECHAM4) ( Table 2) . However, the spatial distribution is very different, especially in the upper basins, and water resources availability can be particularly sensitive to this distribution. Analogues-FIC_CGCM2 rainfall amount is 30 mm higher than the observed data in the upper basin area, while in FIC_ECHAM4 it is 150 mm lower. Figure 7 shows the differences between the scenarios INM_CGCM2 and FIC_ECHAM4 in reproducing the temperature observed in the control period. They provided average annual temperature values of 12.63°C and 15.03ºC, respectively (Table 3 ). In addition, the geographical distribution of temperature is also different: at the upper basin area, the difference from observed data is -1°C (Analogues-INM_CGCM2) and +2°C (Analogues-FIC_ECHAM4), while, near to the sea, these values are closer (-2°C and -1°C, respectively).
In Fig. 6 the difficulties of the GCM and downscaling methods to reproduce the general characteristics of rainfall distribution should be noted. Several scenarios failed significantly to reproduce some of Table 2 Averaged monthly, seasonal and annual precipitation in the control period the spatial distribution features that have a great influence on water resources (WR) availability. For instance, FIC_ECHAM4 captured inland precipitation at the upper basin very poorly. The simulations with the HadCM2/3 models reproduced historical records better than the other scenarios. However, as shown in Fig. 2 , the scenarios obtained from those models lacked resolution. In fact, in Analogue INM the grid is just 50 km × 50 km (Fig. 2) . In such cases, the interpolation of climatic data at points far from data locations leads to smooth mapping of precipitation and temperature over wide geographical areas (Fig. 8 ). This means that local heterogeneities (altitude, distance to the sea and other variables) are not taken into account, generating unrealistic maps.
Hydroclimatic anomalies in the period 2010-2040
For each of the 11 scenarios examined, and for the decades 2010-2020, 2020-2030 and 2030-2040, we obtained the difference between the monthly average temperature and the monthly accumulated rainfall, and the average values for the control period 1960-1990. These differences define the 'anomaly' terms for each scenario and are given in Tables 4 (precipitation) and 5 (temperature).
In the case of rainfall, the anomaly is characterized by high dispersion (values between -15.32% and 7.16%), with a low average (-4.03%). Scenarios based on emissions scenario B2 (the lowest emissions scenario considered) provided the greatest decrease in precipitation, while emissions scenario IS92a provided a significant increase. Note that, in the period 2010-2040, the differences in GHG concentration in the atmosphere for different emissions scenarios were not really significant. Thus, the GCM results for 2010-2040 were mainly driven by the projection of current GHG concentration tendencies and less by the hypotheses defining the scenarios.
The temperature anomaly (Table 5 ) is characterized by less dispersion, but a higher average value (+1.52°C). Again, the climate scenarios based on emissions scenario B2 provided slightly higher increases in temperature than those based on scenario A2. This result is due to an earlier increase in temperatures in the northwest of the Iberian Peninsula predicted by GCM for scenario B2, while the Mediterranean area Table 5 Temperature anomalies (°C), for each of the decades 2010-2020, 2020-2030 and 2030-2040 , and for the whole period 2010-2040, obtained for the 11 AEMET scenarios analysed. AEMET scenarios 2010 AEMET scenarios -2020 AEMET scenarios 2020 AEMET scenarios -2030 AEMET scenarios 2030 AEMET scenarios -2040 AEMET scenarios 2010 AEMET scenarios -2040 temperatures rise later in scenario B2. For the last third of the 21st century, the increase in T is clearly greater in scenario A2 (AEMET 2008) . The IS92a scenario provided the lowest T increment for the period 2010-2040.
Climate change impact on surface water resources
The above anomalies have been used to modify the 1940-2007 historic series in order to obtain new series that simulate future climate, while retaining the temporal and spatial variability of precipitation and temperature observed in the last decades. The current stateof-the-art of GCM and downscaling methodologies do not enable the reproduction of realistic spatial and temporal variability features. Thus, the assumption is made that observed hydroclimatic variability remains in the future. A total of 33 series were obtained corresponding to the 11 climate change (CC) scenarios with anomalies obtained for the three decades 2010-2020, 2020-2030 and 2030-2040 . These series are used as inputs for the rainfall-runoff model that yields the series of available water resources at the control points shown in Fig. 1 . Table 6 shows the impact on total water resources measured as total discharge (surface runoff and groundwater discharge) of the Mijares, Turia and Júcar rivers to the Mediterranean Sea, relative to the average for the period 1960-1990 (2404 hm 3 /year). The last column presents the average of the three analysed decadal impacts. Note that, even with the superposed effect of natural decadal variations, the trend of the impact on water resources for the three analysed decades is clear, and shows a marked decline in water availability. Table 7 shows Table 6 Changes in discharge at the mouth of the Mijares, Turia and Júcar rivers as a percentage of average discharges over the period . AEMET scenarios 2010 AEMET scenarios -2020 AEMET scenarios 2020 AEMET scenarios -2030 AEMET scenarios 2030 AEMET scenarios -2040 AEMET scenarios 2010 AEMET scenarios -2040 the average results for sets of scenarios corresponding to the same downscaling methodology, same GCM and same GHG emissions scenario. A few conclusions can be drawn from Tables 6  and 7 . The first, with respect to GHG emission scenarios, is that scenario B2 clearly leads to lower water availability. Scenario B2 has lower GHG concentrations in the atmosphere so the result is not what we expected. However, several factors led to this situation. The main one is the behaviour of the GCM in scenarios A2 and B2, as indicated above. The limitations and appropriateness of current GCM and downscaling techniques over the Mediterranean coast should be carefully analysed. The results provided by scenario IS92a are clearly different from most scenarios. However, the CC scenario is based on an older general model and an older GHG emission scenario so it should be rejected. A second conclusion is that scenarios based on the GCM ECHAM4 simulations predict the greatest impact on water resources, higher than the CGCM2 GCM impacts, whereas scenarios provided by the HadCM2 model predict, in general, an increase in water resources. It is also remarkable that, although the average impact on water resources shown in Table 6 is very low (-2.1%), lower than values obtained in previous studies on the JB (Quereda Sala et al. 2009), the dispersion among different scenarios is very high, ranging from -13.4% to 18.1%. Note also that ECHAM4 is the GCM used to generate four of the considered scenarios and that results are quite consistent among these scenarios compared to the dispersion found with other GCMs. This might be an argument to attribute more robustness to ECHAM4 results in this study area.
Finally, for each of the 11 scenarios, impacts on runoff at the control points located in the upper and lower basins are shown in Table 8 . There are four scenarios, those generated by ECHAM4, where the impact in the upper basin is higher than in the lower basin. Thus, in these scenarios water resource regulation would be considerably reduced, because most of the water stored in reservoirs originates from runoff in the upper basin. This would increase the reduction of available water resources (WR). Note also that ECHAM4 results seem to be more robust, as indicated before.
The graph in Fig. 9 presents and summarizes the information given in Tables 4, 5 and 6 for the period 2010-2040, including the anomaly in precipitation and temperature and the impact on WR. Analysis of this chart shows clearly that the T anomaly is always positive and that the P anomaly is positive in three scenarios but in general is negative, having a high dispersion. Nonetheless, there is a general trend between this anomaly and the impact on WR. A significant change in precipitation has a clear effect on available WR, which follows the increase or reduction of precipitation. However, small P anomalies can produce an opposite effect in WR. This happens in two scenarios: Analogues-INM-CGCM2-A2 and SDSM-HadCM3-A2. This is due Table 8 Change (increment) in water resources (WR) availability in the JB, for each of the 11 CC scenarios, at the upper and lower basins, based on variations of runoff at control points (Fig. 1) to the sensitivity of the model to the change in spatial and temporal distribution of precipitation, which plays an important role in simulated evapotranspiration. Another interesting observation is a predominant pattern of behaviour among these three variables, which can be observed for the scenarios based on ECHAM4. This behaviour is also seen for scenarios FIC-CGCM2 and INM-CGCM2-B2. Thus, six scenarios show a similar trend in these three variables. Scenario INM-HadCM2-Is92a breaks the general trend of the others, predicting the highest increase of WR. Scenario FIC-CGM2-A2 is also outside the general behaviour and the other three scenarios follow a common pattern based on small P anomalies and small impacts on WR, positive or negative.
A detailed analysis, for each of the scenarios, of the anomalies by season (spring, summer, autumn and winter) and of the average annual variation in resources, leads to the conclusion that the variation in resources is closely related to precipitation and temperature anomalies during the autumn and winter. Besides, the spatial distribution of these anomalies has an important effect: the impact on WR is most sensitive to variations in precipitation in the upper and middle basins as compared to coastal areas. Thus, some conclusions may be drawn when analysing the anomaly-impact relationship on WR. These are:
-WR are especially sensitive to the distribution of precipitation anomalies, both spatial (mainly upper basin areas) and temporal (mainly autumn and winter). -The spatial and temporal dispersion of precipitation given by the 11 scenarios is clear within the control period, remains so within the precipitation anomalies and is transferred to the impacts on WR.
Some example scenarios illustrate the above observations:
-Analogues-FIC_CGCM2 -B2 In the period 2010-2020, the scenario provides an increase in temperature and a reduction in rainfall throughout the year. However, WR in the upper basin (i.e. inflows to the Alarcón Reservoir) increase and the total reduction for the Júcar basin is very low. That is due to the increase in precipitation in the upper basin together with smaller increases in temperature (even a decrease in T in autumn and winter). -Analogues-FIC_CGCM2 -A2 ( Fig. 10 and Table 9 ) In the 2030-2040 decade, the increase in WR (+25.24%) is much higher than the average annual increase in P (+8.2%) despite the increase in annual average T (+12.5%). The largest increases in P occur in the upper basin, where temperature anomalies are smaller (they are even negative). The largest increases in rainfall occur in autumn and winter. The largest temperature anomalies take place in summer (having a small influence on effective evapotranspiration). -Analogues-FIC_ECHAM4 -A2 and B2
Analogues -FIC
During the three simulated decades the impacts on WR are, in percentage terms, larger than the precipitation anomalies. As an example, in the period 2020-2030 ( Fig. 10 and Table 9 ), the impact on WR is -17.49% and the rainfall anomaly is -10.76%. In this case, the reduction of precipitation is higher in the upper basin, and during the autumn and winter. Temperature also increases mainly in the upper basins and not only during the summer but also during the autumn. Simulated values of seasonal anomalies in precipitation (mm) and temperature (°C), and change in WR at the mouth of the rivers (hm 3 /year) for the scenarios Analogues-FIC_CGCM2_A2 and Analogues-FIC_ECHAM4_B2.
Analogues-FIC CGCM2 A2: 2030-2040 Analogues-FIC ECHAM4 B2: 2020 -2030 1960 -1990 2030 -2040 Increment 1960 -1990 2020 -2030 -Analogues-INM_CGCM2 -A2 In the last decade under study, 2030-2040, the increase in precipitation is concentrated in autumn and at the upper basin. This situation increases WR availability, despite the annual decline in rainfall and the increase in temperature. -Scenarios simulated with GCM HadCM2/3
The three scenarios based on these GCMs provided more WR in the future than in the past decades. These models could project lower anomalies and a spatial and temporal distribution that favours the increase in WR. Note also that these models reproduced the historical records better, as shown in Tables 2 and 3 .
Impact on groundwater resources
The impacts on groundwater availability can be analysed by focusing on aquifer recharge, which is directly related to the water volumes stored in them, and to the surface water-groundwater interactions. The main conclusion, as shown in Table 10 , is that the dispersion of impacts obtained in WR is also observed in aquifer recharge. However, the upper basin hydrogeological unit, the Eastern Mancha (Mancha Oriental) aquifer, is more severely influenced in most of the scenarios. The scenarios based on GCM ECHAM4 provided greater rainfall reductions in inland areas, especially affecting this Mancha aquifer. This is a very important groundwater body in the WR balance and regulation of the Júcar basin. It has been subject to overexploitation in recent decades and the situation will probably evolve very negatively based on these results.
CONCLUSIONS
The regionalized climate change scenarios released by AEMET in 2008, as a reference to analyse future climate change impacts over peninsular Spain, reproduce well the historical records of temperature in the geographical area covered by this paper, the Júcar Basin. However, they underestimate the precipitation (with an average value 20% lower than observations in . Scenarios driven by the two GCMs HadCM2 and HadCM3 provided the best approximation to historical records, although the scenarios obtained from these models lacked resolution. Thus, the interpolation of climatic data at points far from data locations led to smooth mapping of precipitation and temperature over wide geographical areas and did not take into account the local heterogeneities (altitude, distance to the sea, etc.), generating unrealistic maps. Other scenarios failed significantly to reproduce some of the spatial distribution features that have a great influence on WR availability. This happens, for instance, in FIC_ECHAM4 that captured inland, upper-basin precipitation very poorly. As a general conclusion, and based on the reproduction of historical records, the best climate scenarios would be those based on Analogues-FIC (models CGCM2 and ECHAM4), INM_HadCM2 and SDSM_HadCM3. However, the above considerations regarding resolution, as well as spatial and temporal variability, compared to historical records, did not enable a scenario that is clearly better than the others to be determined.
The precipitation anomaly, obtained from the reference AEMET scenarios to generat future precipitation series, presents great dispersion. The values lie between -15.3% and 7.2%, with an average of -4%. Besides, scenarios based on emissions scenario B2 (the lowest emissions scenario considered) provided the greatest decrease in precipitation, while emissions scenario IS92a provided a significant increase. Note also that, in the period 2010-2040 considered in this paper, the difference in GHG concentration in the atmosphere for different GHG emissions scenarios was not really significant.
The temperature anomaly shows less dispersion with values between 1.1 and 1.9ºC, and an average of 1.5ºC. Climate scenarios based on emissions scenario B2 provided slightly higher increases in temperature than those based on scenario A2.
Regarding the impact of climate change on water resources, several conclusions can be highlighted from the application of the different CC scenarios to the hydrological model. Scenarios based on the GCM ECHAM4 had the greatest impact on WR, while, scenarios provided by the HadCM2 model predicted, in general, an increment in WR. Besides, the average impact of all scenarios on water resources was very low, a reduction of 2.1%, but the dispersion of results is very high, ranging from -13.4% to 18.1%. The results of ECHAM4, the model used to generate four of the considered scenarios, were quite consistent compared to the other models. This might support the robustness of the ECHAM4 model in this study area, in which it predicts a decrease in available water resources of approximately 10% (7.68% for emissions scenario A2 and 11.72% for B2).
A detailed analysis of the relationship between the precipitation anomaly and the impact on water resources shows that the latter is highly sensitive to the distribution of precipitation anomalies, both spatial (mainly upper basin areas) and temporal (mainly autumn and winter). Moreover, the spatial and temporal dispersion of precipitation distributions in all 11 scenarios is also evident within the control period, and within the precipitation anomalies, and is directly translated to the impacts on WR. The hydrological model PATRICAL provided accurate results, but these implicitly included the uncertainty coming from assumptions made in the generation of the regionalized climate scenarios.
Another important observation is that, B2 being a scenario with lower GHG concentrations in the atmosphere, AEMET scenarios do not show temperature and precipitation trends as previously expected. In fact, emissions scenario B2 predicted a greater reduction in precipitation and greater increases in temperature, leading to greater impacts on water resources over the 2010-2040 period. The limitations and appropriateness of current GCMs and downscaling techniques over the Spanish Mediterranean coast should be carefully analysed. In this region there is a strong influence of Mediterranean coastal convective phenomena, and a lower influence of larger-scale atmospheric circulations. The latter is better reproduced by current GCMs than the more local convective events.
Given the differences between the simulated values of precipitation and temperature variables in the control period, there is a need to generate new regionalized climate scenarios in the area that are based on different approaches, including dynamic downscaling. This would allow the incorporation of local variability in important variables such as altitude and the performance of a physically-based downscaling of the general model results. In addition, new regionalized scenarios should be based on the results of general models from the fourth report of the IPCC (2007), which are expected to be more reliable and accurate than those used in the regionalized scenarios released by AEMET in 2008 and based on the third report of the IPCC (2001) .
We also consider that the robustness shown by the ECHAM4 model in the study area is an important reason to use this model (and its newer versions) as the basis for the generation of new regionalized scenarios in this geographical area of the Mediterranean basin. Besides, new scenarios should be also based on the A1B emissions scenario. This is currently regarded as having the best fit to the current global economic development, and has been used in European Union Fifth Framework projects: Prediction of Regional scenarios and Uncertainties for Defining European Climate change risks and Effects (PRUDENCE) and Production of seasonal to decadal hindcasts and climate change scenarios (ENSEMBLES). This would avoid the apparent inconsistencies found when analysing scenarios based on emissions scenarios A2 and B2 that have been shown herein.
Finally, regarding water policies, the River Basin Management Plans in Spain, which are developed under the European Water Framework Directive, must include the impact of climate change on the water balance by the year 2027. This analysis has three parts: (a) the assessment of the impact on available water, (b) the evaluation of the changes in the agricultural demands, and (c) the analysis of the sustainability of the water resource systems by the year 2027. Thus the estimation of future water resources and its uncertainty is a key element to water planning and management in the coming years, and, specifically in the case of the Mediterranean basins, a major challenge. Our results show a significant reduction in water resources in the Júcar basin in some of the more plausible climate scenarios.
